Similarity criteria for processes such as gravitational separation of bulk materials are understood as relationships that make it possible to obtain universal curves of separation. In the present article, on the basis of cascade and structural model, similarity criteria are developed, which make it possible to obtain universal curves of separation in all regimes of the motion of the medium. Their applicability is demonstrated on concrete experimental data.
INTRODUCTION
The proof of the universality of fractional separation curves for processes occurring in the regimes of strong turbulence can be considered as a serious achievement in the development of the theory of gravitational processes [1, 2] .
Fractional separation of a narrow particle size class implies the relationship:
where r f is the content of a narrow size class in the fine product outlet; r s is the content of the same narrow class in the initial material supplied for separation, %; f is the yield in the fine product outlet, %. The separation curves represent graphic dependences of the type: for a fixed-flow velocity (w ¼ const ). The universality of these curves rests on the fact that at a respective transformation of the abscissa axis, all separation curves obtained in a concrete classifier, for different narrow size classes, and different flow rates, are transformed into one curve. It simplifies considerably the computation of the process results, its optimization and allows absolutely unbiased comparison of different separation apparatuses. For the transitional and the laminar regimes of the motion of the medium, no parameters suitable for the generalization of separation curves have been found yet. Such parameters are extremely important for developing the theory and applications of gravitational separation of bulk materials.
UNIVERSALITY OF SEPARATION CURVES
We can illustrate the properties of the separation curves by specific examples. A set of experiments on fractionation of a coarse-grained material, chromium oxide, was carried out in an air cascade classifier with pour-over shelves (Fig. 1) at the concentration of the material 2.0-2.2 kg/m 3 . The separation was carried out in an apparatus with five cascade stages (z ¼ 5), at the initial feeding to the third shelf, counting top-down ði Ã ¼ 3Þ: The grain-size distribution of the initial material is presented in Table I . The experiments were carried out at the air flow rates equal to 2.7; 3.0; 3.25; 4.15; 4.75 m/s.
As a summarizing criterion, in this case we use the expression previously obtained [1] :
where g is the gravitational acceleration (m/s 2 ), d is the particle size (m), w is the flow velocity (m/s), is the solid particles density (kg/m 3 ) and 0 is the density of the moving medium (kg/m 3 ). It can be easily shown that this criterion is dimensionless. Figure 2 represents the graphical dependence: obtained on the basis of experiments carried out at all flow velocities and with all narrow classes of particles. Proceeding from this figure, we can conclude that in this case the parameter given by Eq. (4) makes it possible to obtain a universal curve.
As another example, we examine separation of a fine-grained material, aluminum powder, on a cascade multiple-shelf apparatus comprising 10 stages ðz ¼ 10; i Ã ¼ 5Þ at the concentration of the material 1.5-2.2 kg/m 3 . Grain size distribution of the aluminum powder is presented in Table II .
The experiments were carried out at the air flow velocities equal to 0.27; 0.36; 0.51; 0.9; 1.32; 1.7 m/s.
A similar dependence:
for this set of experiments is presented in Fig. 3 . Hence, in this case the parameter B does not ensure the derivation of a universal curve. The reason for this conclusion rests, apparently, in the fact that in the first case the turbulent overflow of particles takes place, whereas in the second case the overflow of smaller particles at lower flow velocities occurs in a laminar or transitory regimes. Therefore, we can make an attempt to find generalizing parameters from the standpoint of structural and cascade models of the process for these modes, as well.
CASCADE MODEL OF SEPARATION
Any vertical apparatus can be assumed to consist of a certain number of stages with a directional mass exchange of particles among them. A cascade classifier consisting of structurally similar or different stages gives the simplest idea of the stepwise character of the process. The value characterizing narrow grade size exchange at a separate stage can be represented in the form [2] :
where r i is the original content of narrow particle size class at a certain ith stage of the apparatus; r Ã i , the number of such particles passing from the ith stage to the upper (i À 1)th stage; and K, the separation coefficient.
A general scheme of particle distribution over the height of the apparatus while feeding to the i*th stage is shown in Fig. 4 . We take the initial content of one narrow class particles as a unity and assume that it is mixed with other particles when it is being fed into the separator.
It was proved in articles [2, 3] that for any size grade j, the fractional extraction into the fine product is described by the function:
where ¼ (1ÀK/K); and i* is the number of the stage onto which the material is being fed into the apparatus. Under fixed unambiguity conditions ðz; i Ã Þ, fractional separation for the entire apparatus is determined only by the value of the separation coefficient K. This is valid for the separation of coarse-grain powders in turbulent flows.
The dependence expressed by Eq. (7) can become fundamental for the computation of equilibrium and cascade classifiers, if we can define how the parameter K is formed depending on the operating features of the process.
STRUCTURAL MODEL OF THE PROCESS
In the course of the development of the structural model, a number of assumptions for the separation coefficient were made: (a) Particles shape is spherical; (b) Distribution of particles of any narrow size grade over the apparatus cross section is uniform due to their intense interaction with each other, as well as with the apparatus walls and internal facilities.
Distribution of the local velocities of a continuous phase is a certain function of the geometrical characteristics of the channel feed cross section. It can be written in the general form as follows:
where f(r/R) is a certain function associated with the cross-section geometry; r, the characteristic coordinate of a certain point of the apparatus cross section; R, the characteristic dimension of the apparatus cross section; u r , local velocity of the continuous phase at the point with the coordinate r; w, mean flow velocity. Therefore, the dependence (8) takes into account the channel cross-section shape. According to Newton-Rittinger's law, the dynamic effect of the flow on a single particle is determined by the dependence:
where F r is the aerodynamic resistance, , the drag coefficient of a particle; (d 2 /4), the cross-sectional area of a particle, , the flow density; r , the local absolute velocity of the particles and (u r À r ), the particle velocity, with respect to the flow.
The flow direction is taken as the positive direction of the velocities u r and r .
If we take the total number of particles of a given mono-fraction in the cross section under study as equal to unity, the separation coefficient can be written as K ¼ n relative number of particles of a given narrow size grade with absolute velocity equal or greater than zero ( ! 0).
Examining the equilibrium of an isolated particle at a distance r 0 from the axis, we obtain:
hence,
Let us examine the mode of turbulent overflow of a particle characterized by a constant drag coefficient . In this case, the Reynolds number for the particle amounts to:
where is the dynamic viscosity of a medium. Taking into account Eq. (11), we obtain:
This condition corresponds to the expression (for ¼ 0,5):
where Ar is the Archimedes number:
Hence, we can determine the limiting size of particles, above which their overflow is certainly turbulent.
Let us consider the peculiarities of the laminar overflow of particles. In this case, the following relationship is valid:
It follows from the equilibrium conditions that:
Taking the above-stated into account, an expression for Ar, in this case, can be written as:
As is well-known, in the laminar overflow, the drag coefficient of particles can be written as:
The following relationship can be derived from Eq. (11):
where Re is the Reynolds number calculated assuming the mean flow velocity. Taking into account the equality Re 2 B ¼ Ar, we obtain:
where Re ¼ (dw 0 /) is the Reynolds number. Taking into account Eq. (11), we can write, for particles of a narrow class with an absolute velocity r ! 0:
By introducing this relation into Eq. (8), we obtain:
Similarly, for particles with r 0:
The inequalities in Eqs. (21) and (22) include the following limiting cases:
(1) for any coordinate:
in this case, the separation coefficient is K ¼ 1;
The intermediate case is characterized by the fact that some coordinates form level lines according to equality:
We assume that this equation has one real root:
Taking this into account, we find the respective area ! r 0 (see Fig. 5 ), for which:
is valid. Then the separation coefficient can then be written as
The coefficient C characterizes the form of level lines and feed-through cross section. For instance, for a circle C ¼ 1. By plugging the dependence (21) into the derived equations, we finally obtain:
A similar dependence is valid for two and more roots of Eq. (7), which takes place in the case of complicated profiles f(r/R). Thus, in case of profile shown in Fig. 5 , for a certain mono-fraction, we obtain three real roots of Eq. (22): r 0 1 ; r 0 2 ; r 0 3 : These roots form isotaches with the shape of the feed-through cross section of the apparatus taken into account. The isotaches determine corresponding total P ! r 0i , for which the following relationship is valid:
Therefore, in the case under consideration:
and the separation coefficient can be written as:
Since P ! r 0i is unambiguously expressed through r 0i , representing roots of Eq. (22), the final expression for the separation coefficient is:
A specific expression for the separation coefficient can be obtained passing to a specific profile of the continuous medium diagram over the apparatus cross section. We consecutively examine possible cases of the interaction of particles in a flow.
TURBULENT OVERFLOW OF PARTICLES AND TURBULENT REGIME OF THE MEDIUM MOTION IN THE APPARATUS
In this case, for an equilibrium apparatus with a circular cross section, the distribution of the continuous medium velocities over the radius is usually expressed by the following empirical dependence [4] :
where n is an exponent depending on the mode of the medium motion and on the wall roughness, (n<1). According to Eq. (23), we can find the coordinate of isotach, where the absolute velocity of a fixed mono-fraction equals zero, i.e. for hovering conditions:
The cross-sectional area for which:
is equal to ! r 0 ¼ r Consequently, the separation coefficient is expressed by the ratio:
Then, taking into account Eq. (31), we obtain:
Instead of the dependence in Eq. (29), we can examine other profiles of the distribution of continuous medium velocities over the radius:
where n is the degree of flow turbulence ðn ¼ 2 Ä 1Þ:
We shall examine the following cases:
(1) The velocity gradient on the flow axis. For the dependence in Eq. (35) the following relation is valid:
For the dependence in Eq. (31) we have:
Then, according to Eq. (36), we obtain for Eq. (35):
Respectively, according to Eq. (37), we obtain for Eq. (31):
(2) Equation (31), in contrast to Eq. (29), unites all motion regimes, including the laminar motion.
Proceeding from Eq. (24), we can find that the radius forming the separation coefficient is given by:
Hence, we obtain a relationship for the distribution coefficient:
6. LAMINAR OVERFLOW REGIME
In this case, the medium motion regime in the channel is based on the dependence of the flow structure expressed by Eq. (35). Thus, in the single-phase (pure) flows at n ¼ 2, a parabolic velocity profile of a laminar flow takes place, turbulent motion at n > 8, and a transitory mode at 2<n<8. Then according to Eq. (24), we obtain:
The drag coefficient in the turbulent region is constant and its value is ¼ 0,5. In the laminar region, the drag coefficient is inversely proportional to the number Re . A known interpolation formula for the entire overflow velocity region has the form:
At low Re values, the first term in Eq. (43) is dominating, while at high values, the second term is important. The laminar region is limited by Re 1, and turbulent the region by Re ! 500. This dependence, as is well-known, also describes well the changes in the drag coefficient in the transitory region of the overflow of particles at 1 Re 500.
We can obtain, from Eq. (10):
By substituting the general value of into this expression: Let us analyze the relationships between B and B a criteria. For this purpose, their ratio can be written as:
This ratio gives the value of the Reynolds number determined for a particle. Thus, we can write:
This relationship has a fundamental physical meaning. In the modes of turbulent overflow of particles, the Reynolds number degenerates, and then the criterion B is sufficient. In the laminar region, where the drag on the particles is proportional to Re, the product B Á Re is required for the generalization of the separation curves.
